Streptococcus suis serotype 2 (S. suis 2)-induced sepsis and meningitis are often accompanied by bacteremia. The evasion of polymorphonuclear leukocyte-mediated phagocytic clearance is central to the establishment of bacteremia caused by S. suis 2 and is facilitated by the ability of factor H (FH)-binding protein (Fhb) to bind FH on the bacterial surface, thereby impeding alternative pathway complement activation and phagocytic clearance. Here, C3b/C3d was found to bind to Fhb, along with FH, forming a large immune complex. The formation of this immune complex was mediated by domain II of Fhb via electrostatic and hydrophobic interactions, which, to our knowledge, is a new type of interaction. Interestingly, Fhb was found to be associated with the cell envelope and also present in the culture supernatant, where secreted Fhb inhibited complement activation via interactions with domain II, thereby enhancing antiphagocytic clearance by polymorphonuclear leukocytes. Thus, Fhb is a multifunctional bacterial protein, which binds host complement component C3 as well as FH and interferes with innate immune recognition in a secret protein manner. S. suis 2 therefore appears to have developed a new strategy to combat host innate immunity and enhance survival in host blood.
Streptococcus suis serotype 2 (S. suis 2) 3 infection is one of the major causes of septicemia and meningitis in humans and pigs (1, 2) . Severe sepsis can lead to streptococcal toxic shock syndrome, which has a high incidence of morbidity and mortality, despite antibiotic therapy (3) . The septicemia and meningitis caused by S. suis 2 are often accompanied by bacteremia (4 -6) . To cause bacteremia, bacterial pathogens must survive in human blood and disseminate while evading polymorphonuclear leukocyte (PMN)-mediated phagocytosis. However, little is known of how this is achieved by S. suis 2.
To survive in human blood, bacteria have to evade host defense mechanisms, including complement-and PMN-mediated phagocytosis. The alternative pathway of complement is important in fast innate recognition, opsonization, and elimination of pathogens. Activation and amplification of the alternative pathway is dependent on spontaneous C3b, which deposits on bacterial surfaces and augments phagocytosis (7) . To avoid complement attack of self-structures, the alternative pathway has to be kept under strict regulation by factor H (FH) to avoid excess complement activation (8, 9) . A variety of pathogenic microbes use different mechanisms to avoid complement attack. For example, increasing numbers of microbes have been shown to recruit host FH to their surface to inhibit complement activation and protect themselves against complement attack (10) . The FH-binding proteins (Fhbs) in Grampositive bacteria include PspC of Streptococcus pneumonia (11) , M-protein and Scl of Streptococcus pyogenes (12, 13) , streptococcal ␤ protein of Streptococcus agalactiae (14) , and SdrE and Sbi of Streptococcus aureus (15, 16) . In another example, some pathogens that cause invasive disease exploit the central role of C3b in all complement activation pathways by triggering futile consumption of C3b by binding it in host blood. This is demonstrated by the Sbi protein of S. aureus, which forms a ternary complex with FH and C3b, acting as a potent inhibitor of the alternative pathway (16) . Also in S. aureus, secretion of C3b-binding proteins (Ecb and Efb) can result in the blocking of C3 convertases of the alternative pathway, which enhances complement evasion (17, 18) . In our previous study (19) , FH binding to the surface of S. suis 2 was reported to involve Fhb, a surface protein with a proline-rich repeat domain and LPXTG motif. Moreover, activation of human complement by S. suis mainly via the alternative pathway and FH bound to the Fhb protein inhibits complement activation in human blood (19) .
Interestingly, in the present study, Fhb was frequently found to bind to both C3b/C3d and FH directly, forming a ternary Fhb-C3-FH complex. This interaction was different from that in S. aureus, in which C3b/C3d-mediated FH binding to Sbi and C3 influenced the stability of the Sbi-C3-FH complex (16) . Because Fhb displayed low similarity to other function-known proteins, the binding domain of Fhb was determined in this study. We found that the formation of immune complexes was mediated by domain II of Fhb and seemed to depend on both electrostatic and hydrophobic interactions; to our knowledge, this is a new type of interaction. Strikingly, Fhb was also present in the culture supernatant, where secreted Fhb could inhibit complement activation via domain II, thereby enhancing antiphagocytic clearance by PMNs. Thus, the functional interaction between human C3/FH and the Fhb protein reported here represents an additional mechanism used by S. suis 2 to escape PMN-mediated innate immunity in human blood.
Results

Interactions between Fhb and FH/C3b/C3d
Were Determined by GST Pull-down Assays-To identify the additional serum factor that interacts with Fhb (as well as FH), a GST pull-down assay was performed to capture human proteins by bait protein GST-Fhb. SDS-PAGE analysis of the serum proteins contained in the samples captured by GST-Fhb is shown in Fig. 1A . Some serum proteins interacted with GST-Fhb (lane 3) but did not interact with GST (lane 4). Based on the SDS-PAGE profile, the origin of the peptides in the gel fractions was identified by LC-MS ( Fig. 1B) , a large molecular mass protein, labeled with a dotted line in Fig. 1A (that appeared in four independent experiments) was identified as complement components FH, Ccp19-20, and C3d in complex and the human complement component C3b. It appeared that GST-Fhb might interact with FH, C3b, and C3d (a cleavage product of C3b) to form an immune complex.
Epitope Expression of Recombinant Fhb-associated Proteins-It is possible that the deletion of domain II has an impact on the expression of Fhb II deletion-associated proteins. Thus, epitope expressions of Fhb II deletion proteins, as well as Fhb truncates, were identified by ELISA. The anti-Fhb IgG was analyzed for reactivity with these Fhb-associated proteins. In this analysis, Fhb II deletion proteins exhibited high reactivity as Fhb and Fhb truncates, whereas the irrelevant control protein MRP-C (C terminus of MRP) did not react with the anti-Fhb IgG ( Fig. 2E ). Neither Fhb truncates nor Fhb II deletion pro-teins reacted with nonspecific IgG (as a negative control of anti-Fhb IgG). The rabbit anti-Fhb IgG used for ELISA had been used to identify Fhb expression on the bacterial surface in the present study (see Fig. 5B ). These data indicated that Fhb II deletion proteins expressed with proper epitope as Fhb and Fhb truncates.
The FH-binding Site Is Located in Domain II of the Fhb Protein-Purified FH bound to domains III and IV of Sbi mediated by C3b/C3d and formed a ternary Sbi-C3-FH complex (16) . Through GST pull-down assays ( Fig. 1 ), we found that Fhb also interacted with both FH and host C3b/C3d, but the molecular mechanisms of these interactions remained unclear. We expected similar behavior to be observed for the Fhb-C3-FH complex with Sbi. Fhb-associated proteins were engineered according to the predicted secondary structure as follows: Fhb (amino acids 45-664); Fhb-N (amino acids 45-344) covering Fhb I (amino acids 45-170, ␣-coil-rich region) and Fhb II (amino acids 134 -344, mainly formed by ␤-sheet); Fhb-C (amino acids 345-664, proline-rich region) covering Fhb III (amino acids 345-483) and Fhb IV (amino acids 484 -664), as shown in Fig. 2A . Recombinant Fhb-associated proteins were purified using immobilized metal chelate affinity chromatography ( Fig. 2C ) and were identified with proper epitope expression ( Fig. 2E ). First, to determine which domain of Fhb interacts with FH, ligand blotting analysis was performed. Recombinant Fhb-associated proteins were subjected to SDS-PAGE and then transferred to a PVDF membrane, followed by incubation with 10% human serum. As shown in Fig. 3A , only Fhb II and Fhb-N (N terminus of Fhb that includes domain II) reacted with FH in serum. Positive signals were not detected in the ligand-negative control, in which TBST was used instead of 10% human serum, or the primary antibody negative control, in which TBST was used instead of goat anti-human FH polyclonal antibody (data not shown). Second, this result was verified by an ELISA-type binding assay. Different from Sbi, the direct interaction between immobilized Fhb II (1 g/well) and FH was deter- mined, which increased with the FH protein concentration ( Fig.  3B ). To further confirm the above results, we constructed four Fhb proteins with a short deletion in Fhb II (amino acids 134 -344), the N terminus of Fhb II (amino acids 134 -232), the C terminus of Fhb II (amino acids 233-344), and 37 amino acids (amino acids 134 -170) that overlap with Fhb I (Fig. 2, B and D). Pure preparations of intact Fhb and its domain deletion proteins (6.5 g/well) were immobilized in microtiter wells and analyzed for their ability to bind FH. None of the four deletion proteins bound FH, supporting the conclusion that FH binds solely to the II region of Fhb (Fig. 3C ). The binding constants of Fhb II were further evaluated by bio-layer interferometry (BLI). The K D value for the binding of Fhb II to FH was 830 nM (Fig.  3D ). K D values for other FH/microbially produced Fhb interactions have been also reported to be in the nanomolar range (20, 21) .
The binding of FH to fHbp of Neisseria meningitidis involves charged carbohydrate chemistry (21); we therefore wanted to explore whether similar behavior is observed for Fhb and FH. Interestingly, we found that increasing the ionic strength reduced the binding of FH to Fhb. We detected a decrease in binding of 75% when the NaCl concentration was increased from 100 mM to 1.5 M (Fig. 3E ). To estimate the influence of hydrophobic interactions between FH and Fhb, we incubated FH with immobilized Fhb II in the presence of increasing amounts of ethylene glycol. We found that a concentration of 50% ethylene glycol reduced 85% of the binding between the two proteins ( Fig. 3F ). Taken together, the interaction between FH and Fhb seems to depend on both electrostatic and hydrophobic interactions.
C3b/C3d-binding Site in the Fhb Protein-Fhb displayed low similarity to other function-known proteins (19) , so determining the region of Fhb responsible for binding to C3 may help elucidate its role in the pathogenesis of S. suis. By ligand blotting, we found that domain II of Fhb is responsible for the interaction with C3b/C3d as FH ( Fig. 4, A and B) . Moreover, Fhb lost its ability to bind C3b when the II region was deleted, and the N terminus and C terminus of Fhb II and the 37 amino acids (amino acids 134 -170) seemed to be involved in the Fhb-C3b interaction ( Fig. 4C ). Similar to FH, the interaction between C3b/C3d and Fhb II appeared to depend on both electrostatic and hydrophobic interactions ( Fig. 4 , F and G). However, the affinity for the C3b/C3d-Fhb II interaction was greater than for the FH-Fhb II interaction, and the K D values for the Fhb II-C3b and Fhb II-C3d interactions were 17 nM ( Fig. 3D ) and 141 nM ( Fig. 3E ), respectively. As described above, Fhb II is a FH binding domain within the N-terminal recognition region, which also forms a major point of contact with C3b/C3d. Because both C3 and FH are present in high concentration in human blood, we asked whether Fhb directly interacts with FH and C3 and there is competition for Fhb binding between FH and C3. We found that preincubation of C3 with Fhb II did not affect FH binding to Fhb II. Interestingly, preincubation of FH with Fhb II had no effect on C3 binding to Fhb II (Fig. 4H ). Taken together, these results indicated that although the binding region (II, amino acids 233-344) of Fhb to C3 and FH overlap, both com- ponents can bind to Fhb directly without stereospecific blockade.
Presence of Fhb in the Culture Supernatant and on the Bacterial Surface-Fhb has been demonstrated to be a surface protein with an LPXTG motif (19, 22) . However, the protein is possibly also present in culture supernatants because some surface proteins are released from the bacterial cell wall into the culture supernatant (23) . Therefore, the location of Fhb was investigated. Western blotting indicated that as for cell wall proteins ( Fig. 5A , iii), Fhb was detected in the culture supernatant in the 05ZYH33 strain and was not detected in the mutant strain ( Fig. 5A , ii) using specific antiserum against Fhb-N; however, they were not detected using preimmune serum ( Fig. 5A , i). The surface location of Fhb was also visualized by confocal laser scanning microscopy on the WT strain 05ZYH33 (Fig. 5B,  a) but not on the mutant (Fig. 5B, b) . To further elucidate the role of the Fhb binding region (II, amino acids 233-344) in immune evasion, a complementary C-Fhb⌬II strain was constructed. As expected, C-Fhb⌬II was detected both in the cell wall proteins (Fig. 5A , iii) and the culture supernatant ( Fig. 5A , ii). Moreover, the surface location of C-Fhb⌬II was observed by confocal laser scanning microscopy ( Fig. 5B, c) . These data indicated that Fhb is released into the culture supernatant and verified that the complementary strain (C-Fhb⌬II), which expresses Fhb with deletion of domain II, had been successfully constructed.
Immune Evasion by S. suis 2 Mediated by Domain II of the Secreted (Released) Fhb-To evaluate the role of the Fhb binding region in immune evasion, the amount of C3b/iC3b bound to the surface of S. suis incubated in fresh human serum was determined by FACS analysis. Complement activated by S. suis in heat-inactivated serum was used as a negative control. The data showed that there was an increase in the amount of C3b/ iC3b bound to the mutant ⌬Fhb relative to WT 05ZYH33, as FIGURE 3 . Fhb II (amino acids 134 -344) binds to FH. A, ligand blotting analysis in which 20 g of truncated Fhb constructs were run on SDS-polyacrylamide gels and stained with Coomassie Brilliant Blue (CBB), transferred to PVDF membranes, and probed with 10% serum. Bound FH was detected using goat anti-human FH IgG (1:5000) followed by HRP-conjugated anti-goat IgG (1:20,000). M, molecular mass of protein standards in kDa. 2% serum was used as a positive control for goat anti-FH IgG. B, increasing amounts of biotin-labeled FH were incubated with immobilized Fhb II or BSA (1 g/well) by ELISA analysis. As expected, FH specifically bound to Fhb II in a dose-dependent manner. C, increasing amounts of biotin-labeled FH were incubated with immobilized Fhb and II deletion proteins or Fhb IV (6.5 g/well). Fhb IV was negative control. Deficiency of domain II resulted in a loss of Fhb binding to FH. D, the interaction of Fhb II and FH was analyzed by BLI. Streptavidin-coated biosensors with immobilized biotinylated Fhb II were exposed to different concentrations of FH. Association and dissociation rate constants (k a and k d , respectively) for the interactions were derived from curve fitting and used to calculate the dissociation constant K D (K D ϭ k d /k a , where k a ϭ 7.06 ϫ 10 3 M Ϫ1 s Ϫ1 , k d ϭ 5.895 ϫ 10 Ϫ3 s Ϫ1 , and K D ϭ 830 nM). E and F, binding of FH (5 g/ml) to immobilized Fhb II (1 g/well) was analyzed under increasing amounts of either NaCl (E) or ethylene glycol (F), revealing ionic and hydrophobic interactions. Results from three independent experiments performed in duplicate are shown in B, C, E, and F. Error bars, S.D.
shown in our previous study (19) . In addition, the levels of C3b/ iC3b deposited on C-Fhb⌬II were not rescued because of deletion of Fhb II (Fig. 6A ). These data suggested that Fhb plays a role in the inhibition of C3b/iC3b deposition on S. suis via its FH/C3b/C3d binding region (Fhb II).
Secretion of C3b-binding proteins, such as Ecb and Efb, by S. aureus (17, 18) usually results in enhanced complement eva-sion by consumption of C3b, a key factor in activation of the alternative pathway in blood. It may be that released Fhb in the supernatant is involved in the antiphagocytic ability of S. suis 2 by binding of C3b. To evaluate this possibility, the amount of C3b/iC3b bound to the surface of the mutant strain ⌬Fhb when incubated in fresh human serum was determined by FACS analysis. The serum was preincubated with the supernatants FIGURE 4 . Binding region of Fhb to C3b/C3d. A and B, ligand blotting analysis in which 20 g of truncated Fhb constructs were run on SDS-polyacrylamide gels, transferred to PVDF membranes, and incubated with 5 g/ml biotinylated C3b/C3d, and then HRP-conjugated streptavidin (1:8000) was used to detect binding. Both C3b and C3d specifically bound to Fhb II. M, molecular mass of protein standards in kDa. C, increasing amounts of biotin-labeled C3b were incubated with immobilized Fhb and II deletion proteins or Fhb IV (6.5 g/well). Fhb IV was a negative control. Deficiency of domain II resulted in loss of Fhb binding to C3b. D and E, the interactions of Fhb II with C3b (D) or C3d (E) were analyzed by BLI. Streptavidin-coated biosensors with immobilized biotinylated Fhb II were exposed to different concentrations of C3b or C3d. Association and dissociation rate constants (k a and k d , respectively) for the interactions were derived from curve fitting and used to calculate the dissociation constant K D (K D ϭ k d /k a ). For the Fhb II-C3b interaction, k a ϭ 1.70 ϫ 10 5 M Ϫ1 s Ϫ1 , k d ϭ 2.91 ϫ 10 Ϫ3 s Ϫ1 , and K D ϭ 17 nM; for the Fhb II-C3d interaction, k a ϭ 1.11 ϫ 10 5 M Ϫ1 s Ϫ1 , k d ϭ 1.57 ϫ 10 Ϫ2 s Ϫ1 , and K D ϭ 141 nM. F and G, binding of C3b (5 g/ml) to immobilized Fhb II (1 g/well) was analyzed under increasing amounts of either NaCl (F) or ethylene glycol (G), which indicated ionic and hydrophobic interactions. H, ELISA was employed to analyze whether competition for binding to Fhb II occurred between C3b and FH. Preincubation of C3b or FH (5 g/ml) with immobilized Fhb II (1 g/well), followed by incubation with biotinylated FH or C3b (5 g/ml) and HRP-conjugated streptavidin (1:8000), was performed to detect binding. Results from three independent experiments performed in duplicate are shown in C and F-H. Error bars, S.D. from either WT strain 05ZYH33 or mutant strain ⌬Fhb. Interestingly, lower C3b/iC3b deposition was detected on S. suis after treatment with the WT supernatant than with the ⌬Fhb supernatant ( Fig. 6B) . Moreover, lower C3b/iC3b deposition on the mutant ⌬Fhb was found by pretreatment of serum with Fhb II compared with pretreatment of serum with Fhb IV (Fig. 6C) . Furthermore, increased C3b/iC3b deposition was detected on mutant strain ⌬Fhb when domain II or the 37-amino acid region was deleted in Fhb (Fig. 6D) . These results indicated that secreted (released) Fhb inhibits com-plement activation via its FH/C3b/C3d binding region (Fhb II, amino acids 233-344).
To investigate the role of secreted Fhb in evasion of PMNmediated innate immunity, the survival of fhb-deficient mutants (⌬Fhb) was evaluated after the serum was pretreated with recombinant Fhb and its FH/C3b/C3d binding region (Fhb II) deletion mutants. Interestingly, the viability of strain ⌬Fhb increased when human serum was preincubated with Fhb but not when it was preincubated with the ⌬II or ⌬37 mutants in PMN killing assays (Fig. 6E ). This finding further confirmed that secreted Fhb mediates S. suis evasion of host complement attack via its FH/C3b/C3d binding domain.
Identification of Other Fhb Proteins in S. suis Serotypes 1, 7, and 9 -Our earlier sequence analysis revealed that the fhb gene sequence varies among S. suis strains of different serotypes (19) . When the amino acid sequences of Fhb from S. suis strains were analyzed in the current study, sequence variations were evident in the Fhb II region (Fig. 7A ), potentially indicating that these Fhb II regions have evolved independently to have different functions. To further analyze the function of other Fhb variants in different serotypes, we first confirmed expression of Fhb-N in different S. suis serotype strains. To our surprise, Fhb-N was not detected among the cell wall proteins (Fig. 7B , ii) or culture supernatants (Fig. 7B, i) of S. suis serotype 1, 7, and 9 strains (SS1, SS7, and SS9). These results suggested that the Fhb protein and the Fhb-FH-C3 immune complex might be unique to S. suis 2 and may represent a specific mechanism by which S. suis 2 evades host innate immunity.
Discussion
For S. suis to cause bacteremia in the blood of non-immune hosts, the bacterium must first survive by evading host complement attack. Increasing numbers of microbes have been shown to acquire FH on their surface to protect themselves from complement attack (10) . The surface of S. suis is armed with molecules that allow it to evade the host's immune defenses through interactions with FH by Fhb (19) . Alternatively, some pathogens causing invasive disease inhibit complement activation by targeting C3b, a key molecule in all complement activation pathways, through C3b-binding proteins (18) .
Interestingly, in the present study, we determined that Fhb, expressed by S. suis 2, possesses the capacity to bind C3b/C3d as well as FH. Using GST pull-down assays with immobilized recombinant GST-Fhb as the bait protein, we co-eluted a human serum protein complex with a high molecular mass. Mass spectrometry analyses of the in-gel trypsin-digested proteins identified peptides with sequence identity to FH and C3b/ C3d. To our knowledge, no other previously reported S. suis protein product has been shown to bind both FH and C3b/C3d. In S. aureus, two secreted proteins, Sbi (16) and Ecb (24) , have been reported to bind FH and C3b/C3d. However, Fhb displayed low similarity to these proteins by amino acid sequence analysis and exhibited no known binding motifs for Sbi or Ecb. Here, we demonstrated a novel mechanism for FH/C3 binding by Fhb. Direct binding of Fhb to FH and C3 was, however, distinct from Sbi binding to FH that occurs indirectly via C3b/ C3d. The region responsible for binding of Fhb to FH and C3 (amino acids 134 -244 in N-terminal domain II) is overlapping. and cell wall proteins (mutanolysin extracts, A 600 ϭ 1.0) were separated by SDS-PAGE and transferred to PVDF membranes. Membranes were probed with rabbit anti-Fhb sera (1:400) followed by HRP-conjugated goat anti-rabbit IgG (1:8000). Fhb could be specifically detected in both the supernatant (ii) and cell wall proteins (iii) of the WT and C-Fhb⌬II strains but not those of the mutant ⌬Fhb strain. Fhb was not detected in the supernatant from any of the strains following treatment with preimmune sera. B, visualizing Fhb protein on the bacterial surface. Cells from S. suis WT strain 05ZYH33 (a), mutant strain ⌬Fhb (b), and complementary strain C-Fhb⌬II (c) were washed and stained for Fhb using rabbit anti-Fhb IgG and TRITC-conjugated goat anti-rabbit IgG. For each sample, merging of the two images is shown in aiii, biii, and ciii.
In our recent study, the structure of Fhb-N was determined using the single-wavelength anomalous dispersion method, and the core structure of domain II was found to be a ␤-sandwich displayed on the Fhb-N surface (25) . However, streptococcal M proteins are mostly ␣-helical, coiled-coil, homodimeric fibrillar molecules (26) . FH binding sites on M proteins have been mapped within the N-terminal hypervariable region (27) and the C-repeats (28) . Our recent surface charge distribution analysis indicated that the Fhb II surface is rich in amino acids with both negative and positive charges (25) , which may contribute to the electrostatic interactions between Fhb and FH/C3. Previous studies have shown that FhbB and Fhbp bound to human FH mainly through surface-exposed negatively charged amino acids (21, 29) . However, Efb bound to C3 through positively charged amino acids on the Efb protein (24) .
In the present study, we detected Fhb in both the cell wall and the culture supernatant. Moreover, both the WT culture super-natant and recombinant Fhb/Fhb II inhibited complement deposition on fhb-deficient mutants (⌬Fhb). In contrast, neither the complementary strain (C-Fhb⌬II) nor ⌬II/⌬37 protein displayed this inhibitory effect. These results suggested that, similar to some secreted C3b-binding proteins of S. aureus, the secreted (released) Fhb evaded host complement attack by binding to the central complement component C3b via its domain II. Although the fhb gene exhibited molecular polymorphisms in other non-serotype 2 strains, the Fhb protein was not detected in either the cell wall or culture supernatant of serotype 1, 7, and 9 strains by Western blotting, suggesting that Fhb might be unique to S. suis 2. However, both Scl (an Fhb of S. pyogenes) and its phylogenetically linked variants in different serotype strains can bind FH (13) .
In summary, we found that Fhb is present in the culture supernatant and is also associated with the cell envelope. Fhb expressed by S. suis 2 strains could bind to both FH and C3b/ FIGURE 6. Role of the Fhb binding region in complement inhibition and immune evasion by S. suis. A, representative histograms for the FI of C3b/iC3b deposition on WT strain 05ZYH33, mutant strain ⌬Fhb, and complementary strain C-Fhb⌬II. B, representative histograms for the FI of C3b/iC3b deposition on mutant strain ⌬Fhb by preincubation of the serum with the supernatants from WT strain 05ZYH33 and mutant strain ⌬Fhb. C, comparing the FI of C3b/iC3b deposition on mutant strain ⌬Fhb by preincubation of the serum with recombinant Fhb II or Fhb IV (80 nM). D, comparing the FI of C3b/iC3b deposition on the mutant strain ⌬Fhb by preincubation of the serum with the recombinant Fhb full-length protein or Fhb II deletion proteins ⌬II and ⌬37 (80 nM). E, survival of the mutant strain ⌬Fhb in PMN-mediated killing assays by preincubation of serum with Fhb-associated proteins (80 nM). Data are averages of three independent experiments, and unpaired Student's t tests were used for statistical analysis. ***, p Ͻ 0.001; n.s., no significance.
C3d directly via its domain II (amino acids 134 -244), which is rich in charged amino acids potentially contributing to the electrostatic interactions between Fhb and FH or C3b/C3d. Moreover, both secreted and cell envelope-associated forms of Fhb contribute to immune evasion by S. suis 2.
Experimental Procedures
Bacterial Strains and Growth Conditions-The highly virulent S. suis 2 strain 05ZYH33, originally isolated from a deceased streptococcal toxic shock syndrome patient in a 2005 outbreak in Sichuan, China, was used in this study. S. suis 2 strains were cultured as described previously (4, 19) . Bacterial strains and plasmids used in this study are listed in Table 1 .
GST Pull-down to Capture the Serum Proteins Interacting with Fhb-An in vitro GST pull-down assay was performed to identify the serum proteins interacting with Fhb. The pET28a-Fhb plasmid ( Table 1) was digested with BamHI and XhoI to release the fhb ORF, which was subcloned into pGEX4T-1 vector (Amersham Biosciences) to generate the fhb ORF expression plasmid pGEX4T-1-Fhb. Overexpression of GST-Fhb was induced in E. coli BL21 (DE3) strain by 1 mM isopropyl-␤-Dthiogalactopyranoside when the cell density reached an A 600 nm of 0.4. After growth for 6 h at 30°C, the cells were collected and lysed by sonication. GST-Fhb-soluble expression was identified by Western blotting (data not shown). Finally, the GST-Fhb fusion proteins were purified in E. coli BL21 supernatant using GSTrap FF (GE Healthcare) following the manufacturer's instructions. GST pull-down was further performed. Human serum was diluted with PBS and mixed with 200 l of NETN buffer (20 mM Tris-HCl (pH 7.2), 0.1 M NaCl, 1 mM EDTA, 0.5% Nonidet P-40, and protease inhibitor mixture (1:20, v/v))-equilibrated GST beads. The mixture was incubated at 4°C overnight and then washed with NETN buffer five times. The binding of serum proteins by bait protein GST-Fhb was analyzed by SDS-PAGE (Fig. 1A) , using GST as a negative control. . suis serotype 1, 7, and 9 strains. A, sequence alignment of Fhb in S. suis serotype 1, 2, 7, and 9 strains (SS1, SS2, SS7, and SS9, respectively). B, cell wall Fhb and released Fhb in the supernatant from S. suis serotypes 1, 2, 7, and 9 was detected by Western blotting. Samples of the concentrated culture supernatant (25:1, A 600 ϭ 1.0) and cell wall proteins (mutanolysin extracts, A 600 ϭ 1.0) were separated by SDS-PAGE and transferred to PVDF membrane that was probed with rabbit anti-Fhb sera (1:400) followed by HRP-conjugated goat anti-rabbit IgG (1:8000). Fhb could be specifically detected in both the supernatant (i) and cell wall proteins (ii) from S. suis 2 strain 05ZYH33 but not in the S. suis serotype 1, 7, and 9 strains or the T15 strain (negative control).
Trypsinized protein fragments from excised gel slices were analyzed by LC-MS.
Cloning, Expression, and Purification of Recombinant Fhb Constructs-To determine the binding domain of Fhb, seven recombinant fragments of Fhb were engineered as follows: Fhb-N (amino acids 45-344), Fhb I (amino acids 45-170, ␣-coil-rich region), Fhb II (amino acids 134 -344, mainly formed by ␤-sheet), Fhb-C (amino acids 345-664, proline-rich region), Fhb III (amino acids 345-483), and Fhb IV (amino acids 484 -664), as shown in Fig. 2, A and B . The oligonucleotide primers and expression vectors used for Fhb-N, Fhb I, Fhb II, Fhb-C, Fhb III, and Fhb IV in this study are listed in Table 1 . The ORFs encoding Fhb proteins and Fhb protein fragments were amplified by PCR using S. suis strain 05ZYH33 genomic DNA (accession number YP_001198119) as a template. Fhb I contains 37 overlapping amino acids (amino acids 134 -170) with Fhb II that are involved in the interaction with FH/C3b/ C3d. For the preparation of Fhb mutant protein with a deletion corresponding to amino acid residues 134 -344 (⌬II), 134 -232 (⌬II N), 233-344 (⌬II C), and 134 -170 (⌬37), overlay extension PCR was performed and the oligonucleotide primers used to construct the Fhb mutants (⌬II, ⌬II N, ⌬II C, and ⌬37) are also listed in Table 1 . All of the amplified ORFs were cloned into pET-28a vector. Then the direct DNA sequencing analysis of the ORFs in plasmid and Western blotting analysis of the above Fhb-associated protein expressions were performed (data not shown) before purification. Finally, the recombinant Fhb-asso-ciated proteins were purified by nickel-chelating chromatography (GE Healthcare) according to the manufacturer's recommendations.
ELISA to Analyze the Epitope Expressions of Fhb II Deletion Proteins-It is possible that the deletion of domain II has an impact on the epitope expressions of Fhb II deletion-associated proteins. Thus, epitope expressions of Fhb II deletion proteins were identified by ELISA. 96-well plates were coated overnight at 4°C with 100 l of 10 g/ml Fhb-associated proteins. After blocking with 5% BSA for 2 h at 37°C and washing, the anti-Fhb IgG/nonspecific IgG (1:15,000) was added and incubated for 1 h at room temperature. After washing, the above Fhb-associated proteins were detected by HRP-labeled goat anti-rabbit IgG (1:20,000). Fhb and Fhb truncates were used as positive controls, whereas MRP-C (C terminus of MRP) was used as irrelevant control of Fhb II deletion proteins. The nonspecific IgG (purified from preimmune serum) was used to as background control.
ELISA-type Binding Assay-To detect the binding of FH/C3b/C3d to immobilized Fhb, 96-well plates were coated overnight at 4°C with 100 l of 10 g/ml Fhb-associated proteins. After blocking with 0.2% gelatin in Dulbecco's PBS for 6 h at 4°C and washing, 5 g/ml biotinylated FH/C3b/C3d (Merck) was added and incubated for 1 h at room temperature. After washing, the bound FH/C3b/C3d was detected by incubation with HRP-conjugated streptavidin (1:8000; GE Healthcare). Background values obtained for the control (incubated with PBST containing 1% BSA, without biotinylated FH/C3b/C3d) were subtracted. FH/C3b/C3d (Merck) was biotinylated according to the Amersham Biosciences ECL protein biotinylation module assay (GE Healthcare). Ligand Blotting-Ligand blotting analysis was performed as described previously (19) . Briefly, for the FH binding assay, Fhb-associated proteins were separated by electrophoresis on 10% SDS-polyacrylamide gels and then transferred to PVDF membranes (Millipore). The membranes were blocked with 5% (w/v) nonfat dry milk at 4°C for 12 h and incubated with 10% human serum. After three washes with Tris-buffered saline with 0.05% Tween 20 (TBST), membranes were incubated with goat anti-human FH polyclonal antibody (Merck; 1:5000) and HRPconjugated rabbit anti-goat IgG (1:20,000). Bands were detected using ECL Western blotting detection reagents (Thermo Scientific) and exposure to x-ray film (Fuji) at room temperature for 120 s. For the C3b/C3d binding assay, the PVDF membranes were probed with 10 g/ml biotinylated C3b/C3d (Merck) for 1 h at room temperature, washed three times with TBST, and incubated with HRP-conjugated streptavidin (1:8000; GE Healthcare). Bands were detected as described above.
BLI Analysis of the Fhb-FH/C3b/C3d Interactions-All BLI experiments were performed in PBST on a BLItz system (For-teBio Inc.) as described previously (30) . Streptavidin-coated biosensors with immobilized biotinylated Fhb-associated proteins were exposed to different concentrations of FH/C3b/C3d. Association and dissociation rate constants (k a and k d , respectively) for the interactions were derived from curve fitting and used to calculate the dissociation constant K D (K D ϭ k d /k a ).
Generation of the Complementary C-Fhb⌬II Strains-To evaluate the effect of the Fhb II binding domain (amino acids 134 -344) on complement activation and immune evasion, a complementary strain with a deletion in Fhb II (amino acids 134 -344) was constructed. Two PCR fragments were first generated, one with the primer pair C⌬Fhb-⌬II-1/⌬II-2 that generates the upstream promoter and a DNA fragment encoding Fhb (amino acids 1-134) and the other with the primer pair ⌬II-3/C⌬Fhb-⌬II-4 that generates a DNA fragment encoding Fhb (amino acids 345-675). A PCR fragment encoding Fhb⌬II was generated by overlap extension PCR, using the two first round PCR fragments and primers C⌬Fhb-⌬II-1/C⌬Fhb-⌬II-4. This long amplicon was subsequently cloned into the E. coli-S. suis shuttle vector pAT18; the recombinant plasmid pAT18::Fhb-⌬II was transformed into the ⌬Fhb strain; and the complementary strain C⌬Fhb-⌬II was screened on THB agar with selective pressure from erythromycin. RT-PCR, Western blotting, and confocal laser scanning microscopy analysis were used to confirm the transcription and expression of Fhb-⌬II (Fhb with deletion of domain II) in C⌬Fhb-⌬II and Fhb in the WT and ⌬Fhb mutant.
Confocal Laser Scanning Microscopy Analysis-To visualize Fhb proteins expressed by the WT, ⌬Fhb mutant, and the complementary stain C⌬Fhb-⌬II on the bacterial surface, confocal laser scanning microscopy analysis was performed as described previously (31) . Briefly, an aliquot of streptococci (6 ϫ 10 6 cfu/ ml) was added to rabbit anti-Fhb IgG (10 g/ml), incubated for 45 min on ice, and then washed. Next, 300 l of the resuspension were incubated with TRITC-goat anti-rabbit IgG (Santa Cruz Biotechnology, Inc.) (0.3 mg/ml) for 45 min on ice. Bacteria were then washed with PBS and spotted onto Citoglas slides (Shitai). The slides were then analyzed using a Olympus FV1000 confocal scanning microscope.
Flow Cytometry Analysis of Complement Deposition on S. suis-To evaluate the effect of the binding domain (Fhb II) on complement activation, C3b/iC3b deposition was assessed on the WT, the ⌬Fhb mutant, and the C⌬Fhb-⌬II complementary strain using the flow cytometry assays described previously (19) . Briefly, S. suis was washed in PBS and diluted to ϳ5 ϫ 10 6 cfu/ml. An aliquot (300 l) of streptococci was added to 300 l of normal human serum and incubated for 30 min at 37°C and then washed with PBS. C3b/iC3b deposition was detected using an FITC-conjugated polyclonal goat anti-human C3 antibody (MP Biomedicals, LLC) (1:5000). Samples were analyzed using an Accuri C6 flow cytometer and CellQuest software (BD Biosciences), using forward and side scatter parameters to gate at least 30,000 bacteria. The threshold was set using the negative control. To verify the hypothesis that the secreted (released) Fhb inhibits complement activation mediated by its binding domain Fhb II, the serum was preincubated with S. suis culture supernatant or recombinant proteins Fhb/Fhb II/⌬II/⌬37/Fhb IV for 20 min at room temperature to trigger futile consumption of C3b by binding to it.
PMN Killing Assays-PMNs are the main phagocytes for defense against bacterial pathogens in human blood. To verify the hypothesis that the secreted (released) Fhb improved immune evasion of S. suis 2, mediated by its binding domain Fhb II, a simplified PMN killing assay was performed. The viability of strain ⌬Fhb in the PMN killing assay was evaluated by the exogenous addition of recombinant Fhb, ⌬II, and ⌬37. In the PMN killing assay, the serum was incubated with Fhb/ Fhb⌬II/Fhb⌬37 for 20 min at room temperature to trigger futile consumption of C3b by binding to it. Frequently, PMNs were infected with S. suis 2 at a multiplicity of infection of 1:15 (PMN/bacterium) in 50% pretreated serum and centrifuged at 380 ϫ g for 5 min at 4°C. The plates were incubated at 37°C under 5% CO 2 . Samples were taken at 60 min and analyzed immediately as described previously (19) . Colonies were counted, and the percentage of surviving S. suis 2 was calculated as (cfu PMNϩ /cfu PMNϪ ) ϫ 100%.
Statistical Analysis-Unless otherwise specified, all data are expressed as the mean Ϯ S.D. Differences between groups were analyzed using unpaired two-tailed Student's t test. For all tests, a value of p Ͻ 0.05 was considered as the threshold for significance. All statistical analyses were carried out using SPSS version 15.0 (SPSS Inc.).
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